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Development of Degradable, pH-Sensitive Star Vectors for 
Enhancing the Cytoplasmic Delivery of Nucleic Acids
 The report describes the synthesis of degradable, pH-sensitive, membrane-
destabilizing, star-shaped polymers where copolymers of hydrophobic hexyl 
methacrylate (HMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) 
monomers are grafted from the secondary face of a beta-cyclodextrin ( β -CD) 
core via acid-labile hydrazone linkages using atom transfer radical poly-
merization. The effect of the graft’s molecular weight, HMA/DMAEMA molar 
ratio, and the fraction of DMAEMA converted to cationic N,N,N-trimethyl-
aminoethyl methacrylate (TMAEMA) monomers on polymer’s transfection 
capacity is systematically investigated. Results show that all star-shaped 
polymers condense anti-GAPDH silencing RNA (siRNA) into nanosized 
particles at  + /– ratio ≤ 4:1. Star polymers with shorter (25kDa) P(HMA- co -
DMAEMA- co -TMAEMA) grafts are more effi cient and less cytotoxic than car-
riers with longer (40kDa) grafts. The results show that increasing the ratio of 
hydrophobic HMA monomers in graft’s composition higher than 50 mole% 
dramatically reduces polymer’s aqueous solubility and abolishes their trans-
fection capacity. Further, retention of DMAEMA monomers in graft’s compo-
sition provide a buffering capacity that enhanced the endosomal escape and 
transfection capacity of the polymers. These systematic studies show that 
 β -CD-P(HMA- co -DMAEMA- co -TMAEMA) 4.8  polymer with a 25 kDa average 
graft’s molecular weight and a 50/25/25 ratio of HMA/DMAEMA/TMAEMA 
monomers is the most effi cient carrier in delivering the siRNA cargo into the 
cytoplasm of epithelial cancer cells. 
  1. Introduction 

 Small interfering RNA (siRNA) are double stranded RNA mol-
ecules that can selectively hybridize with the target mRNA 
sequence in the cytoplasm and trigger its degradation by RNase 
H enzyme, which reduces the expression of the encoded gene. [  1  ]  
Several preclinical investigations showed the potential of siRNA 
in inhibiting pathological gene expression, which proved effec-
tive in treatment of AIDS, [  2  ]  cardiovascular, [  3  ]  and neurodegener-
ative diseases. [  4  ]  However, transforming siRNA drug candidates 
into actual therapies with a defi ned dosing regimen remains 
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a signifi cant challenge due to the lack of 
an effi cient biocompatible carrier that can 
deliver the necessary dose selectively into 
the cytoplasm of the diseased cells while 
sparing neighboring healthy ones. [  5  ]  Cati-
onic lipids, [  6  ]  polymers, [  7  ]  and peptides [  5d  ]  
have been used to condense siRNA via 
electrostatic interaction forming ionic 
complexes that are internalized by endocy-
tosis. However, these complexes are often 
trapped in the endosomal/lysosomal traf-
fi cking pathway where the loaded siRNA 
cargo is degraded, which diminishes their 
therapeutic activity. [  8  ]  

 Amphiphilic pH-sensitive polymers 
have been used to complex siRNA forming 
“smart” particles that bypass the endo-
somal/lysosomal traffi cking pathway and 
deliver their cargo into the cytoplasm. [  9  ]  
These polymers utilize their unique ability 
to switch from a hydrophilic stealth-
like conformation at physiologic pH to 
a hydrophobic membrane-destabilizing 
one in response to acidic endosomal pH 
gradients to rupture the endosomal mem-
brane and release the entrapped RNA 
cargo into the cytoplasm to produce the 
desired effect. [  10  ]  pH-sensitive membrane-
destabilizing polymers proved effective in 
delivering plasmid DNA, [  11  ]  antisense oligodeoxynucleotides, [  12  ]  
siRNA, [  13  ]  and proteins [  14  ]  into the cytoplasm of multiple cells 
both in vitro [  12  ,  13  ]  and in vivo. [  15  ]  These amphiphilic polymers 
typically incorporate ionizable acidic moieties, hydrophobic 
motifs, and cationic groups for sensing the change in envi-
ronmental pH, disruption of the endosomal membrane, and 
complexation of the loaded DNA/RNA, respectively. [  16  ]  Ear-
lier research showed that the membrane-destabilizing activity 
increases with the increase in polymer’s molecular weight. [  17  ]  
However, given their non-degradable composition, these poly-
mers are poorly eliminated by urinary excretion in vivo, which 
increases the risk of their long term accumulation leading to 
non-specifi c toxicity. [  17b  ]  In addition, increasing the number 
of hydrophobic motifs to enhance the membrane-disruptive 
activity dramatically reduced polymer’s aqueous solubility and 
therapeutic utility. [  17b  ]  Further, increasing the molar fraction of 
the cationic group to increase DNA/RNA loading and incorpo-
ration of targeting ligands (e.g., sugars, antibody fragments) 
has been shown to diminish the membrane-destabilizing 
activity of the formed particles and reduce the associated trans-
fection capacity. [  18  ]  
3885wileyonlinelibrary.com
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     Figure  1 .     A) Structure of pH-sensitive star-shaped  β -CD-P(HMA- co -DMAEMA- co -TMAEMA)  n   
polymers. B) A schematic drawing showing condensation of siRNA molecules by star-shaped 
pH-sensitive polymers forming “smart” particles, which are internalized by endocytosis. In 
the endosome, acid-labile hydrazone linkages are hydrolyzed by the acidic pH and release 
the P(HMA- co -DMAEMA- co -TMAEMA) grafts, which rupture the endosomal membrane and 
release the loaded siRNA cargo into the cytoplasm.  
 Polyethyleneimine (PEI) and polyami-
doamine (PAMAM) dendrimers represent 
another class of cationic polymers that resist 
the drop in endosomal pH through the buff-
ering effect of their secondary and tertitary 
amine groups, which causes endosomal 
swelling and rupture resulting in leakage 
of its contents into the cytoplasm. [  7  ,  19  ]  Many 
targeting ligands have been covalently conju-
gated to PEI- and PAMAM-based complexes 
and proved effective in achieving selective 
internalization by diseased cells. [  20  ]  However, 
formulation of stable and effi cient ionic com-
plexes requires 10- to 20-fold N/P ( + /-) ratio 
resulting in the use of excess polymer, which 
leads to signifi cant toxicity both in vitro and 
in vivo. [  21  ]  

 To address the limitations of both amphi-
philic pH-sensitive memebrane-destabilizing 
and endosomal buffering polymers, we 
report the synthesis of degradable, pH-sen-
sitive, membrane-destabilizing, star-shaped 
polymers that proved effi cient in delivering 
siRNA past the endosomal membrane and 
into the cytoplasm of multiple cell lines 
achieving the desired gene knockdown at the 
mRNA and protein levels. Specifi cally, we 
utilize  β -cyclodextrin ( β -CD), which is a Fed-
eral Drug Administration (FDA)-approved, 
water-soluble, cone-shaped oligosaccharide 
composed of seven glucose units linked by 
 α -1,4-glycosidic linkages as the core for the 
star-shaped vectors. [  22  ]  The  β -CD core has 
seven primary hydroxyl groups at the C-6 
position and fourteen secondary hydroxyl 
groups at the C-2 and C-3 positions pro-
viding two rims of hydroxyl groups with 
different chemical reactivity, which can be 
asymmetrically functionalized to display 
different motifs. [  23  ]  Therefore, we grafted 
amphiphilic membrane-destabilizing poly-
mers from the secondary face of the  β -CD 
core via acid-labile hydrazone linkages while 
leaving the primary face for subsequent 
modifi cation aimed at achieving cell specifi c 
targeting ( Figure    1  A). We grafted a random 
copolymer of hydrophobic hexyl methacrylate 
(HMA) and pH-sensitive 2-(dimethylamino)
ethyl methacrylate (DMAEMA) monomers 

from the secondary face of the  β -CD core via acid-labile hydra-
zone linkages forming star-shaped polymer where DMAEMA 
monomers were partially (50%) or fully (100%) quaternized 
into cationic  N , N , N -trimethylaminoethyl methacrylate iodide 
(TMAEMA) for complexation of siRNA molecules. We hypoth-
esized that star-shaped  β -CD-poly(hexyl methacrylate- co -(2-
(dimethylamino)ethyl methacrylate)- co -( N , N , N -trimethylami-
noethyl methacrylate iodide))  n   ( β -CD-P(HMA- co -DMAEMA- co -
TMAEMA)  n  ) polymers will condense siRNA into pH-sensitive 
particles that will be internalized via adsorptive-mediated 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
endocytosis. In the endosome, the acid-labile hydrazone link-
ages will hydrolyze releasing the membrane-active poly(hexyl 
methacrylate- co -(2-(dimethylamino)ethyl methacrylate)- co -
(N,N,N-trimethylaminoethyl methacrylate iodide)) (P(HMA- co -
DMAEMA- co -TMAEMA)) grafts from the  β -CD core to desta-
bilize the endosomal membrane and release the siRNA cargo 
into the cytoplasm (Figure  1 B).  

 We used atom transfer radical polymerization (ATRP) 
technique to control the number, molecular weight (25 and 
40 kDa), and molar ratio of HMA/DMAEMA monomers 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3885–3895
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   Table  1.     Composition of the degradable, pH-sensitive, star-shaped vectors. 

Polymer 
Code

 M  n  of each arm a)  
[kDa, Kg/mol]

Copolymer composition a)  
[% HMA/DMAEMA]

# of HMA units a)  # of DMAEMA units a)  # of TMAEMA units a)  % of Quaternization a)  

 β -CD-1 25.6 47:53 73 26 58 69

 β -CD-2 25.6 47:53 73 0 84 100

 β -CD-3 40.8 49:51 122 57 70 55

 β -CD-4 40.8 49:51 122 0 127 100

 β -CD-5 25.0 76:24 113 20 19 46

 β -CD-6 25.0 74:26 110 0 39 100

 β -CD-7 41.2 76:24 186 31 29 49

 β -CD-8 41.2 76:24 186 0 60 100

    a) Calculated from the  1 H NMR spectra.   
(50/50 and 75/25) in the grafted poly(hexyl methacrylate- co -(2-
(dimethylamino)ethyl methacrylate)) (P(HMA- co -DMAEMA)) 
polymers to investigate the effect of the molecular weight and 
the hydrophobic/hydrophilic balance of these membrane-active 
fragments on the endosomal escape capacity indicated by the 
effect of the siRNA cargo. It is important to note that DMAEMA 
monomers have been shown to exhibit gradual protonation 
with the drop in environment pH producing an appreciable 
endosomal buffering capacity. [  24  ]  Comparing the transfection 
capacity of “smart” pH-sensitive particles that incorporate the 
same star-shaped  β -CD carrier with identical graft composition 
but differ in the percentage of residual DMAEMA monomers 
that were not converted to cationic TMAEMA (i.e., retained 
their buffering capacity) allowed us to investigate the possibility 
of combining hydrophobic membrane disruption with endo-
somal burst to achieve enhanced cytoplasmic delivery and the 
relative contribution of each mechanism to carrier activity.   

 2. Results and Discussion  

 2.1. Synthesis of Degradable, pH-Sensitive, Star-Shaped 
Polymers 

 As described in the associated Supporting Information, we 
successfully utilized the asymmetric distribution of primary 
and secondary hydroxyl groups on opposite faces of the  β -CD 
core to graft amphiphilic P(HMA- co -DMAEMA) polymers from 
the secondary face via acid-labile hydrazone linkages using 
ATRP. We engineered these star-shaped polymers to system-
atically evaluate the effect of graft’s molecular weight (25 and 
40 kDa), hydrophobic/hydrophilic balance defi ned by the ratio 
of HMA/DMAEMA monomers (50/50 and 75/25), and degree 
of quaternization of DMAEMA monomers (50% and 100%) 
on the complexation of siRNA molecules into “smart” parti-
cles and their ability to deliver the RNA cargo past the endo-
somal membrane and into the cytoplasm of epithelial cancer 
cells. Specifi cally, we controlled the molecular weight of the 
P(HMA- co -DMAEMA) grafts in  β -CD-1, -2, -5, and -6 polymers 
to be  ≈ 25 kDa compared to  ≈ 40 kDa in  β -CD-3, -4, -7, and -8 
polymers ( Table    1  ). Earlier research showed the signifi cant 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3885–3895
contribution of hydrophobic monomers (e.g., HMA) to the 
endosomal escape of ionic complexes. [  17b  ,  18a  ,  18b  ]  Therefore, we 
increased the ratio of HMA/DMAEMA monomers from 50/50 
in  β -CD-1, -2, -3, and -4 polymer to 75/25 in  β -CD-5, -6, -7, and 
-8 polymers (Table  1 ) to examine the effect of HMA ratio on 
polymer’s aqueous solubility and transfection effi ciency of the 
formed complexes. Earlier research also showed that poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) polymers 
exhibit higher transfection effi ciency compared to poly(N,N,N 
trimethylaminoethyl methacrylate) (PTMAEMA) polymers with 
similar molecular weight, [  25  ]  which is attributed to the endo-
somal buffering capacity of PDMAEMA polymers (pK a   =  7.5) 
resulting in effi cient destabilization of the endosomal mem-
brane and release of the loaded nucleic acid cargo into the 
cytoplasm. [  24  ]  Therefore, we compared the transfection capacity 
of  β -CD-1, -3, -5, and -7 polymers that have 50% of DMAEMA 
monomers converted to cationic TMAEMA to the transfec-
tion effi ciency of  β -CD-2, -4, -6, and -8 polymers with 100% of 
DMAEMA monomers converted to TMAEMA (Table  1 ).  

 The motivation to incorporate acid-labile hydrazone link-
ages in polymer composition is to engineer a carrier with a 
large number of cationic and hydrophobic groups necesssary 
for complexation of a large dose of siRNA molecules and endo-
somal escape of the formed particles, which will degrade into 
small mambrane-active fragments that can be eliminated by 
urinary excretion, which will address the long-term accumula-
tion of linear non-degradable polymers and the associated in 
vivo toxicity. [  26  ]  Our results show that the average degradation 
half life ( t  1/2 ) of the acid-labile hydrazone linkages in star-shaped 
 β -CD polymers incubated in an acidic buffer solution (pH 5.8) 
at 37  ° C is 60 min  ±  2 min (Figure S7, Supporting Informa-
tion), which is consistent with previously published results. [  13  ]  
We used the  β -CD core to develop new star-shaped carriers 
for delivery of siRNA based on the established advantages of 
the star architecture compared to the linear counterpart. [  27  ]  
For example, 3- and 5-arms star PDMAEMA polymers exhibit 
higher transfection effi ciency and lower toxicity compared to 
the corresponding linear polymers with the transfection effi -
ciency and biocompatability increasing with the increase in 
degree of polymer branching. [  28  ]  This is further supported by 
the reported high transfection effi ciency of particles prepared 
using dendrimers [  29  ]  and hyperbranched cationic polymers [  30  ]  
3887wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Images of the 1% w/v agarose gel containing ethidium bro-
mide showing the electrophoretic mobility of free siRNA and the particles 
prepared by complexation of  β CD-1 to  β CD-8 (A-H) polymers with anti-
GAPDH siRNA (0.7  μ g) at different N/P( + /-) ratios.  
that provide steric protection for loaded cargo, long retention in 
the systemic circulation, and high accumulation in the tumor 
tissue. Therefore, distributing the number of cationic TMAEMA 
groups necessary for condensation of siRNA molecules over 
multiple polymer grafts in a star-like conformation will elimi-
nate the signifi cant cytotoxicity observed with the linear confor-
mation particularly at high molecular weights. [  27b  ,  31  ]  

 ATRP [  32  ]  and reversible addition fragmentation chain transfer 
(RAFT) [  33  ]  polymerization techniques are the two most effi cient 
methods to synthesize well-defi ned block, [  34  ]  graft, [  35  ]  and star-
shaped [  27b  ,  31c  ,  36  ]  polymeric carriers. We utilized ATRP to control 
the number, molecular weight, molecular weight distribution, 
composition, architecture, and site-specifi c functionality of the 
formed star-shaped polymers (Table  1 ). It is important to note 
that the asymmetric grafting of P(HMA- co -DMAEMA) polymers 
from the secondary face of the  β -CD core is engineered to allow 
selective coupling of hydrophilic poly(ethylene glycol) (PEG) 
chains to the primary hydroxyl groups via non-degradable link-
ages, which will confer resistance to the formed “smart” par-
ticles against the adsorption of serum proteins, increase their 
residence time in the systemic circulation, and allow passive 
accumulation in tumor tissue when administered in vivo. 
These PEG chains can be further functionalized to display an 
array of targeting ligands to allow cell-specifi c internalization 
and delivery of the loaded cargo.   

 2.2. Formulation of “Smart” Particles 

 We evaluated the ability of different star polymers ( β -CD-1 to 
 β -CD-8) to complex 0.7  μ g of anti-GAPDH (glyceraldehyde 
3-phosphate dehydrogenase) siRNA at different ( + /-) nitrogen 
(N)/phosphate (P) ratios using the standard gel retardation 
assay. The amount of  β -CD polymer mixed with the anti-
GAPDH siRNA was calculated based on the cationic TMAEMA 
content to take into acccount the difference in the percentage 
of quaternized DMAEMA monomers in each polymer com-
position. Results show that all  β -CD polymers successfully 
condensed the loaded siRNA into particles that were retained 
into the loading wells at low N/P ratios ( Figure    2  ). Comparing 
between  β -CD-1 and  β -CD-3, which have a similar number 
of P(HMA- co -DMAEMA- co -TMAEMA) grafts, similar HMA/
DMAEMA ratio, and  ≈ 50% of DMAEMA monomers quater-
nized into TMAEMA units but differ in the molecular weight 
of the grafts shows that  β -CD-3 polymer fully condenses the 
loaded siRNA at N/P ratio of 1.5/1 whereas full RNA conden-
sation with  β -CD-1 occurs at N/P ratio of 2.5/1 (Figure  2 A,C). 
This shows that higher molecular weight of the P(HMA- co -
DMAEMA- co -TMAEMA) graft (40 kDa) in  β -CD-3 compared to 
 β -CD-1 (25 kDa) results in a more effi cient condensation of the 
loaded siRNA molecules while using a smaller (2  μ g) amount of 
 β -CD-3 polymer compared to 3  μ g of  β -CD-1. Similarly,  β -CD-1 
and  β -CD-2 have identical number of polymeric grafts with 
the same molecular weight (25 kDa) and the same number of 
HMA and DMAEMA monomers attached to the  β -CD core but 
differ in the percentage of DMAEMA monomers transformed 
to cationic TMAEMA complex the loaded siRNA molecules at 
N/P ratios of 2.5/1 and 1.5/1, respectively (Figure  2 A,B). This is 
not surprising given that 100% of DMAEMA monomers were 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
transformed to cationic TMAEMA in  β -CD-2, which allows 
tighter binding to siRNA phosphate groups compared to par-
tially quaternized  β -CD-1 polymer. This led to the use of only 1 
 μ g of  β -CD-2 compared to 3  μ g of  β -CD-1 to complex the same 
amount of anti-GAPDH siRNA molecules.  

 Increasing the molar ratio of HMA/DMAEMA monomers 
from 50/50 (e.g  β -CD-2) to 75/25 (e.g  β -CD-6) increased the 
N/P ratio and amount of polymer needed to complex the loaded 
siRNA molecules. Specifi cally,  β -CD-2 and  β -CD-6 polymers 
complex equal amounts of anti-GAPDH siRNA at N/P ratios 
of 1.5/1 and 4/1, respectively (Figure  2 B,F). This increase in 
the amount (6  μ g) of  β -CD-6 polymer and the N/P ratio where 
full condensation of the loaded siRNA is observed as a result 
of the reduction in the number of cationic TMAEMA mono-
mers/graft available for complexation with the anionic phos-
phate groups. Further, increasing the fraction of hydrophobic 
HMA monomers in graft composition reduced the aqueous 
solubility of the formed star polymer particularly the partially 
(50%) quaternized  β -CD-5 and  β -CD-7 polymers. It is impor-
tant to note that all the synthesized  β -CD carriers successfully 
complexed the loaded siRNA molecules at N/P ratios that are 
much lower than established transfection reagents like PEI and 
cationic PAMAM dendrimers, which are routinely used at N/P 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3885–3895
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siRNA into the cytoplasm of HeLa cancer 

     Figure  3 .     A) Size and B) surface charge of “smart” particles (P1-P8) prepared by complexation 
of  β -CD-1 to  β -CD-8 star polymers with anti-GAPDH siRNA (10.3  μ g) at N/P ( + /−) ratios of 
2.5/1 and 4/1. Results are the average  +  the standard error of the mean of two independent 
experiments with each experiment carried out in triplicates.  
ratios  > 15/1. [  37  ]  This is a signifi cant improvement over existing 
carriers as it allows the use of small amounts of  β -CD-based 
vectors for condensation and delivery of a high dose of siRNA 
molecules, which will eliminate the need for excess cationic 
carrier and reduce the associated side effects.   

 2.3. Characterization of “Smart” Particles 

 All star polymers ( β -CD-1 to  β -CD-8) were mixed with 10.3  μ g 
of anti-GAPDH siRNA at N/P ratios of 2.5/1 and 4/1 to pre-
pare “smart” particles (P1-P8) that were characterized in terms 
of size and surface charge using dynamic light scattering and 
zeta potential measurements, respectively. Results show that 
particle size ranged between 67 - 142 nm for those prepared 
at N/P ratio of 2.5/1, which increased to 86–162 nm for par-
ticles prepared at N/P ratio of 4/1 ( Figure    3  A). Given that the 
molecular size cut off for tumor vasculature is between 400 and 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 3885–3895
600 nm, [  38  ]  these “smart” particles (P1-P8) 
are suited for delivery of siRNA into solid 
tumors. Zeta potential measurements show 
that P1-P8 prepared at N/P ratio of 2.5/1 have 
a net positive charge of 21–65 mV, which 
increased to 20–74 mV for particles prepared 
at N/P ratio of 4/1 (Figure  3 B). The cationic 
surface of these “smart particles (P1-P8) will 
trigger effi cient internalization by epithelial 
cancer cells via adsorptive endocytosis. [  13  ,  39  ]     

 2.4. Uptake of “Smart” Particles into HeLa 
Cervical Cancer Cells 

 We prepared fl uorescently labeled particles 
(P1-P8) by complexation of  β -CD-1 to  β -CD-8 
polymers with FAM-labeled anti-GAPDH 
siRNA at N/P ratios of 1.5/1, 2.5/1, and 4/1 
and evaluated their uptake into HeLa cervical 
cancer cells in comparison to free siRNA 
and siPORT amine-based complexes using 
fl ow cytometry. Results show that free siRNA 
molecules were not internalized and require 
a carrier to enhance their uptake by HeLa 
cells ( Figure    4  ). All the particles (P1-P8) for-
mulated at N/P ratios of 1.5/1 and 2.5/1 were 
internalized by  ≥ 80% of HeLa cancer cells 
except for P7. Further, P5 and P7 particles 
prepared at a N/P ratio of 4/1 were poorly 
internalized by HeLa cells (Figure  4 ). The 
observed drop in number of fl uorescently-
labeled HeLa cells upon incubation with P5 
and P7 particles can be attributed to higher 
positive surface charge density (Figure  3 B), 
which could lead to cell death as shown with 
other cationic particles. [  18c  ,  18d  ]  Consequently, 
we limited our study to “smart” particles (P1-
P8) prepared at N/P ratio of 2.5/1 and inves-
tigated their ability to deliver anti-GAPDH 
cells indicated by knockdown of GAPDH expression at the 
mRNA and protein levels.    

 2.5. Effect of “Smart” Particles on GAPDH Expression 

 The ability of “smart” particles (P1-P8) to deliver functional 
anti-GAPDH siRNA molecules past the endosomal membrane 
and into the cytoplasm of HeLa cells was assayed based on their 
ability to selectively knockdown GAPDH gene expression at 
the mRNA and protein levels. We utilized the KDalert GAPDH 
assay kit to measure the changes in GAPDH protein level upon 
incubation with particles that encapsulate ( + ) the anti-GAPDH 
siRNA compared to those encapsulating (-) a scrambled siRNA 
sequence. We utilized siPORT amine-based complexes encap-
sulating an equal dose of ( + ) anti-GAPDH siRNA molecules 
as a positive control to determine the maximum level of 
knockdown that can be achieved using a robust commercial 
3889wileyonlinelibrary.comeim
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     Figure  4 .     Percentage of fl uorescently-labeled HeLa cancer cells after incubating for 6 h in a 
serum-free culture medium with free siRNA, siPORT amine-based complexes, and “smart” 
P1-P8 particles prepared by complexation of  β -CD-1 to  β -CD-8 polymers with FAM-labeled 
anti-GAPDH siRNA (1.14  μ g) at N/P ratios of 1.5/1, 2.5/1, and 4/1. Results are the average  +  
the standard error of the mean of four independent experiments with each experiment carried 
out in triplicates.  
transfection reagent ( Figure    5  ). Results show that P1-P4 were 
more effi cient in knocking down GAPDH protein expression 
compared to P5-P8 indicating that star-shaped  β -CD carriers 
that incorporated equal ratios (50/50) of HMA and DMAEMA 
monomers were more effective in delivering the RNA cargo 
0

     Figure  5 .     Effect of “smart” particles (P1-P8) and siPORT amine-based complexes encapsu-
lating 200 nM of ( + ) anti-GAPDH siRNA or (-) a scrambled siRNA sequence on GAPDH protein 
expression in HeLa cervical cancer cells. P1–P8 particles were prepared by complexation of 
 β -CD-1 to  β -CD-8 with 1.14  μ g of the selected siRNA sequence at a N/P ratio of 2.5/1. Results 
are the average  +  the standard error of the mean of four independent experiments with each 
experiment carried out in fi ve replicates. Statistical difference between particles encapsulating 
( + ) anti-GAPDH siRNA and (-) scrambled siRNA sequence was evaluated using paired  t  test 
where  ∗  denotes  p  ≤ 0.05,  ∗  ∗  ∗  denotes  p  ≤ 0.005. T denotes non-specifi c GAPDH knockdown 
due to particle toxicity.  
into HeLa cells compared to those with 
higher HMA content. The lack of GAPDH 
knockdown observed with P6 and P8 parti-
cles can be a result of poor particle solubility 
in culture medium whereas the non-specifi c 
GAPDH knockdown exhibited by P5 and P7 
is a result of the high positive surface charge 
density resulting in cell death.  

 Results show that P1 is the most effi -
cient formulation indicated by the 73  ±  1.4% 
reduction in GAPDH protein expression 
observed upon incubation with P1 particles 
loaded with ( + ) anti-GAPDH siRNA com-
pared to those loaded with (-) the scrambled 
siRNA sequence (Figure  5 ). Comparing 
GAPDH knockdown observed upon incuba-
tion of HeLa cells with P1 particles to that 
observed with P3 particles shows the effect of 
increasing the molecular weight of P(HMA-
 co -DMAEMA- co -TMAEMA) grafts from 
25 kDa (P1) to 40 kDa (P3). Results show that 
P3 particles were partially toxic to HeLa cells 
indicated by the reduction in GAPDH pro-
tein expression upon treatment with (−) the 
scarmbled siRNA sequence. Specifi cally, P3 
particles loaded with ( + ) anti-GAPDH siRNA 
produced 30  ±  2.5% knockdown in GAPDH 
expression compared to the 73  ±  1.4% reduc-
tion observed with P1 particles. These results 
clearly show that  β -CD polymers incorparating 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
P(HMA- co -DMAEMA- co -TMAEMA) grafts 
with an average molecular weight of  ≈ 25 
kDa are more effi cient than longer grafts in 
delivery of functional siRNA into HeLa cancer 
cells (Figure  5 ). These fi ndings are supported 
by recently published results showing that 3- 
and 5-arm branched PDMAEMA polymers 
exhibit measurable transfection of CHO-K1 
cells at an average molecular weight  ≥ 20 
kDa. [  28  ]  However, PDMAEMA carriers with 
much higher molecular weight exhibited high 
cellular toxicity that diminished their trans-
fection effi ciency. [  28  ]  

 Comparing between GAPDH knockdown 
observed upon incubation of HeLa cells with 
P1 and P2 particles shows the contribu-
tion of the buffering capacity of DMAEMA 
monomers to the endosomal escape and 
transfection effi ciency of P1 particles. Spe-
cifi cally, P1 particles are formulated using 
 β -CD-1 polymer with 69% of the DMAEMA 
monomers converted to cationic TMAEMA, 
which leaves 31% of the DMAEMA mono-
mers (pK a   =  7.5) to exhibit their buffering 
capacity at acidic endosomal pH. Whereas, P2 particles are 
formulated using  β -CD-2 polymer with 100% of DMAEMA 
monomers transformed to cationic TMAEMA (i.e., no endo-
somal buffering capacity). Results show that P2 particles loaded 
with ( + ) anti-GAPDH siRNA produce 58  ±  2.3% knockdown in 
heim Adv. Funct. Mater. 2013, 23, 3885–3895



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  6 .     Effect of P1-  D  MAEMA, P1-  T  MAEMA, and P2-  T  MAEMA parti-
cles loaded with 1.14  μ g of ( + ) anti-GAPDH siRNA or (−) a scrambled 
siRNA sequence on A) GAPDH protein and B) mRNA levels in HeLa 
cervical cancer cells. The mRNA levels for the GAPDH gene were nor-
malized to mRNA levels of the  β -actin gene. C) Effect of P3-  D  MAEMA, 
P3-  T  MAEMA, and P4-  T  MAEMA particles loaded with 1.14  μ g of ( + ) anti-
GAPDH siRNA or (−) a scrambled siRNA sequence on GAPDH protein 
level in HeLa cervical cancer cells. Results are the average  +  the standard 
error of the mean of fi ve replicates. Statistical difference between par-
ticles encapsulating ( + ) anti-GAPDH siRNA and (−) scrambled siRNA 
sequence was evaluated using paired  t  test where  ∗  ∗  ∗  denotes  p  ≤ 0.005. 
T denotes non-specifi c GAPDH knockdown due to particle toxicity.  
GAPDH protein expression compared to 73  ±  1.4% GAPDH 
knockdown observed with P1 particles (Figure  5 ). Similarly, P4 
particles (100% of DMAEMA monomers transformed to cati-
onic TMAEMA) loaded with anti-GAPDH siRNA caused 19  ±  
5.6% reduction in GAPDH expression compared to 30  ±  2.5% 
observed with P3 particles (only 55% of DMAEMA monomers 
transformed to cationic TMAEMA leaving 45% of DMAEMA 
monomers with endosomal buffering capacity) (Figure  5 ). 
Given that P1, P2, P3, and P4 particles exhibit similar uptake 
by HeLa cancer cells (Figure  4 ), higher GAPDH knockdown 
observed with P1 and P3 particles compared to P2 and P4 par-
ticles can be attributed to the endosomal buffering capacity of 
DMAEMA monomers, which results in endosomal burst and 
enhanced release of the loaded siRNA into the cytoplasm. 
These results are supported by earlier reports showing the 
enhanced endosomal escape of PDMAEMA through their endo-
somal buffering capacity. [  24  ]  It is important to note that siPORT 
amine-based complexes produced only 15  ±  7.2% reduction in 
GAPDH protein expression and it was associated with signifi -
cant toxicity indicated by GAPDH knockdown upon incubation 
with siPORT amine-based complexes loaded with the scram-
bled siRNA sequence (Figure  5 ).   

 2.6. Contribution of DMAEMA Monomers to Carrier’s 
Transfection Capacity 

 The amount of cationic quaternary amine groups (TMAEMA) 
needed to complex 1.14  μ g of anti-GAPDH siRNA at N/P ratio 
of 2.5/1 is 4.62  ×  10  − 8  moles. We used the number of TMAEMA 
monomers present in each  β -CD polymer to calculate the 
amount of polymer needed to complex the same dose (1.14  μ g) 
of anti-GAPDH siRNA at N/P ratio of 2.5/1. Given that  β -
CD-1 polymer has only 58 TMAEMA units/graft compared 
to 84 TMAEMA units/graft in  β -CD-2 polymer (Table  1 ), we 
used a higher amount of  β -CD-1 (27  μ g) than  β -CD-2 (21  μ g) 
to complex the same amount (1.14  μ g) of anti-GAPDH siRNA 
at N/P ratio of 2.5/1. We investigated whether the observed 
higher activity of P1 particles in reducing GAPDH protein 
expression compared to P2 particles is a result of the higher 
amount of  β -CD-1 polymer used to complex the anti-GAPDH 
siRNA or the higher number of DMAEMA monomers/graft, 
which enhances the endosomal escape of the formed particles 
through their established endosomal buffering capacity. Specifi -
cally, we mixed 27  μ g of  β -CD-1 and 21  μ g of  β -CD-2 polymers 
with 1.14  μ g of ( + ) anti-GAPDH siRNA or (-) the scrambled 
sequence to prepare P1-  T  MAEMA and P2-  T  MAEMA particles 
at N/P ratio of 2.5/1 based on the number of cationic TMAEMA 
monomers present in each carrier. We also mixed 21  μ g of  β -
CD-1 polymer with 1.14  μ g of ( + ) anti-GAPDH siRNA or (-) the 
scrambled sequence to prepare P1-  D  MAEMA particles based 
on the number of DMAEMA monomers present in the  β -CD-1 
carrier. We evaluated the effect of P1-  D  MAEMA, P1-  T  MAEMA, 
and P2-  T  MAEMA particles on GAPDH expression in HeLa cer-
vical cancer cells compared to commerical siPORT amine-based 
complexes ( Figure    6  ).  

 Results show that P1-  T  MAEMA and P1-  D  MAEMA particles 
produce a similar knockdown in GAPDH protein expression by 
57  ±  4.6% and 51  ±  4.7%, respectively (Figure  6 A). Similarly, 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3885–3895
P1-  T  MAEMA and P1-  D  MAEMA particles reduced the levels 
of GAPDH mRNA by 80  ±  10.0% and 90  ±  5.0%, respectively 
(Figure  6 B). The fact that P1-  T  MAEMA particles with higher 
3891wileyonlinelibrary.combH & Co. KGaA, Weinheim
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carrier content (27  μ g of  β -CD-1) did not show higher activity 
compared to P1-  D  MAEMA particles (21  μ g of  β -CD-1) indicates 
that the amount of  β -CD-1 polymer does not play a signifi cant 
role in the observed activity of P1 particles. In comparison, 
P2-  T  MAEMA particles reduced the levels of GAPDH protein 
and mRNA by only 30  ±  7.0% and 23  ±  17.7%, respectively 
(Figure  6 A,B). Therefore, the observed low GAPDH knock-
down by P2-  T  MAEMA particles compared to P1-  D  MAEMA and 
P1-  T  MAEMA particles is due to the residual DMAEMA mono-
mers (26 monomers/graft) present in the  β -CD-1 carrier that 
exhibit an appreciable endosomal buffering capacity [  24  ]  leading 
to endosomal swelling and burst, which further enhances 
the cytoplasmic delivery of the loaded anti-GAPDH siRNA 
molecules. 

 We confi rmed the contribution of DMAEMA monomers to 
the enhanced endosomal escape of P3 particles by comparing 
GAPDH knockdown by P3-  D  MAEMA and P3-  T  MAEMA par-
ticles to GAPDH knockdown observed with P4-  T  MAEMA 
particles (Figure  6 C). Results show that P3-  D  MAEMA and 
P3-  T  MAEMA particles caused a similar knockdown of GAPDH 
protein expression by 49  ±  4.3% and 57  ±  3.2%, respectively, 
which further confi rms that the amount of  β -CD-3 pol-
ymer used to prepare different particles at N/P ratio of 2.5/1 
does not contribute to the observed activity. In comparison, 
P4-  T  MAEMA particles reduced GAPDH protein expression 
by 36  ±  6.7%, which is less than the observed knockdown with 
both P3-  D  MAEMA and P3-  T  MAEMA particles. These results 
collectively show that  β -CD-1 and  β -CD-3 polymers with par-
tially quaternized (50%) DMAEMA monomers exhibit more 
effi cient cytoplasmic delivery of the complexed siRNA mole-
cules compared to their fully quaternized counterparts ( β -CD-2 
and  β -CD-4 polymers), which is a result of the synergistic com-
bination of DMAEMA endosomal buffering capacity with HMA 
membrane-destabilizing effect on the same membrane-active 
P(HMA- co -DMAEMA- co -TMAEMA) grafts.   

 2.7. Cellular Uptake and Activity of P1/P2 Particles in MCF-10A 
and UM-SCC-17B Cells 

 Results show that P1 and P2 particles prepared by complexa-
tion of  β -CD-1 and  β -CD-2 polymers with anti-GAPDH siRNA 
at N/P ratio of 2.5/1 are effi ciently internalized by HeLa cer-
vical cancer cells (Figure  4 ) and achieve robust knockdown of 
GAPDH expression at the mRNA and protein levels (Figure  6 ). 
We investigated the uptake of P1 and P2 particles loaded with 
anti-GAPDH siRNA into normal human mammary epithelial 
cells (MCF-10A) and head and neck squamous cell carcinoma 
(UM-SCC-17B) and the associated knockdown in GAPDH 
expression to confi rm the utility of these “smart” particles in 
multiple cell lines. Results show that “smart” P1 and P2 par-
ticles are internalized by 98–100% of MCF-10A cells at N/P 
ratios of 1.5/1 and 2.5/1, which drops to 76–83% of the cells 
upon incubation with the particles prepared at higher 4/1 N/P 
ratio ( Figure    7  A). In comparison, 93-100% of UM-SCC-17B 
cells internalized P1 and P2 particles prepared at N/P ratios of 
1.5/1, 2.5/1, and 4/1 (Figure  7 B).  

 We investigated the effect of “smart” P1 and P2 particles pre-
pared by complexation of  β -CD-1 and  β -CD-2 polymers with ( + ) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
anti-GAPDH siRNA and (-) scrambled siRNA sequence at N/P 
ratio of 2.5/1 using the same polymer amounts listed in section 
2.5 on GAPDH expression in MCF-10A and UM-SCC-17B cells. 
In MCF-10A cell, P1 and P2 particles reduced GAPDH protein 
levels by 31  ±  4.6% and 25  ±  11.2%, respectively (Figure  7 C). 
P1 and P2 particles loaded with anti-GAPDH siRNA reduced 
GAPDH mRNA levels by 50  ±  18%, and 50  ±  38%, respectively 
(Figure  7 E). In UM-SCC-17B cancer cells, P1 and P2 particles 
loaded with anti-GAPDH siRNA caused a similar reduction in 
GAPDH protein expression by 21  ±  4.3% and 30  ±  6.9%, respec-
tively (Figure  7 D). However, qRT-PCR results show that only P1 
particles reduced GAPDH mRNA levels by 40  ±  14% while P2 
particles did not affect GAPDH mRNA level (Figure  7 F). 

 The observed difference in GAPDH knockdown induced by 
P1 and P2 particles loaded with anti-GAPDH siRNA in HeLa, 
MCF-10, and UM-SCC-17B cells can be explained by the dif-
ference in intracellular pH between these cells lines. The lit-
erature shows that normal cells generally have neutral cytosolic 
(pH 7.2) and acidic endosomal (pH 6.0) and lysosomal (pH 5.0) 
environment. [  40  ]  Whereas, many tumor cells have an acidifi ed 
cytosol and more alkaline endosomes/lysosomes with both pH 
values is around 6.7. [  40  ]  Although the reason for alkalinization 
of the endosomal and lysosomal compartments remains elu-
sive, the elevated organelle pH in tumor cells has been con-
fi rmed in many reports [  40b  ,  41  ]  and proved to dramatically reduce 
the transfection effi ciency of non-viral vectors in tumor cells. [  42  ]  
Similarly, low GAPDH knockdown in UM-SCC-17B cancer 
cells can be attributed to endosomal alkalinization, which will 
reduce the hydrolysis of the hydrazone linkages connecting the 
membrane-active P(HMA- co -DMAEMA- co -TMAEMA) grafts to 
the  β -CD core. Incomplete release of P(HMA- co -DMAEMA- co -
TMAEMA) grafts will reduce the net disruption of the endo-
somal membrane, which will limit the delivery of the loaded 
anti-GAPDH siRNA into the cytoplasm and diminish the 
associated GAPDH knockdown. This explains lower GAPDH 
knockdown observed with P1 (21  ±  4.3%) in UM-SCC-17B 
cancer cells compared to that observed (31  ±  4.6%) with normal 
MCF-10A mammary epithelial cells. These results show that 
type of targeted cells can infl uence the transfection effi ciency of 
“smart” star-shaped  β -CD carriers. Nevertheless, our results col-
lectively show the ability of  β -CD-1 polymers to complex siRNA 
at low N/P ratio and achieve effi cient functional delivery of the 
loaded cargo into the cytoplasm of different cells.    

 3. Conclusions 

 In summary, we used FDA-approved, water-soluble, cone-
shaped  β -CD to prepare a series ( β -CD-1 to  β -CD-8) of degra-
dable, pH-sensitive, star-shaped polymers and evaluated their 
ability to deliver anti-GAPDH siRNA past the endosomal 
membrane and into the cytoplasm of multiple epithelial cell 
lines. Using ATRP, we grafted P(HMA- co -DMAEMA) copoly-
mers from the secondary face of the  β -CD core via acid-labile 
hydrazone linkages. We varied the molecular weight (25 and 
40 kDa), molar ratio of HMA/DMAEMA monomers (50/50 
and 75/25), and degree of quaternization (50% and 100%) 
of DMAEMA monomers into cationic TMAEMA to system-
atically investigate the effect of these parameters on siRNA 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 3885–3895
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     Figure  7 .     Percentage of fl uorescently labeled A) MCF-10A and B) UM-SCC-17B cells that internalize free FAM-labeled anti-GAPDH siRNA molecules, 
“smart” P1-P2 particles encapsulating FAM-labeled anti-GAPDH siRNA, and siPORT amine-based complexes upon incubation for 6 h in a serum-free 
culture medium. Effect of P1 and P2 particles loaded with 1.14  μ g of ( + ) anti-GAPDH siRNA or (-) a scrambled siRNA sequence on GAPDH protein 
(C,D) and mRNA (E,F) levels in MCF-10A (C,E) and UM-SCC-17B (D,F) cells. The mRNA levels for the GAPDH gene were normalized to mRNA levels 
of the  β -actin gene. Results are the average  +  the standard error of the mean of fi ve replicates. Statistical difference between particles encapsulating 
( + ) anti-GAPDH siRNA and (-) scrambled siRNA sequence was evaluated using paired  t  test where  ∗  denotes  p  ≤ 0.05,  ∗  ∗  denotes  p  ≤ 0.01, and  ∗  ∗  ∗  
denotes  p  ≤ 0.005. T denotes non-specifi c GAPDH knockdown due to particle toxicity.   
condensation into “smart” particles and the associated transfec-
tion effi ciency. Results show that  β -CD polymers incorporating 
50% DMAEMA monomers/graft complex the loaded siRNA at 
low N/P ( + /-) ratios of 1.5/1 and 2.5/1 whereas the  β -CD poly-
mers with lower DMAEMA content form their complexes at a 
4/1 N/P ratio. The average sizes of “smart” P1-P8 particles was 
 <  200 nm and have a net positive surface charge, which suggest 
their ability to diffuse from the systemic circulation into tumor’s 
interstitial space followed by effi cient cell uptake via endocytosis 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 3885–3895
when administered in vivo. Results show that  β -CD polymers 
with 25 kDa P(HMA- co -DMAEMA) grafts are more effi cient 
in delivering the siRNA cargo compared to those with longer 
(40 kDa) grafts while exhibiting no cytotoxicity. Increasing the 
mole fraction of hydrophobic HMA monomers to 75% of the 
graft reduced aqueous solubility and transfection effi ciency of 
the  β -CD carriers compared to those with lower HMA content 
(50%/graft). Transforming 100% of DMAEMA monomers to 
cationic TMAEMA enhanced the condensation of the loading 
3893wileyonlinelibrary.combH & Co. KGaA, Weinheim
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siRNA molecules. However, combining the endosomal buff-
ering capacity of DMAEMA monomers with the hydrophobic 
disruptive effect of HMA units in a single membrane-active 
P(HMA- co -DMAEMA- co -TMAEMA) graft proved to increase 
the effi ciency of “smart” P1 and P3 particles by enhancing their 
endosomal escape. These results provide a clear description of 
key structural features necessary for development of effi cient 
 β -CD star-shaped carriers for siRNA delivery. Further, it estab-
lishes  β -CD-1 polymer as a robust vector for enhanced cyto-
plasmic delivery of siRNA.   

 4. Experimental Section 
  Synthesis and Characterization of Degradable, pH-Sensitive, Star-Shaped 

Polymers : A series of degradable, pH-sensitive, star-shaped  β -CD-
P(HMA- co - D MAEMA- co - T MAEMA) 4.8  polymers were synthesized with 
varied molecular weight (25 or 40 kDa) of the P(HMA- co -DMAEMA-
 co -TMAEMA) grafts, molar ratio of HMA/DMAEMA monomers (50/50 
or 75/25), and degree of quaternization (50% or 100%) of DMAEMA 
monomers to cationic TMAEMA to systematically investigate the effect 
of these parameters on their ability to deliver siRNA molecules into the 
cytoplasm of epithelial cells. Detailed description of the experimental 
procedures for the synthesis and characterization of these polymers 
along with the supporting spectra are provided in the Supporting 
Information. 

  Formulation and Characterization of “Smart” Particles : All star-shaped 
pH-sensitive polymers were dissolved in RNase-free water except ( β -
CD-5 and  β -CD-7 polymers, which were dissolved in 100% DMSO before 
mixing with 0.7  μ g of anti-GAPDH siRNA at different N/P ratios. Each 
mixture was vortexed and allowed to stand at room temperature for 
20 min before loading onto a 1% w/v agarose gel containing ethidium 
bromide (EtBr). The gel was immersed in a Tris-acetate-EDTA (TAE) 
buffer and run at 60 V for 45 min before visualizing under UV using 
a fl uorescent green fi lter (Fotodyne Incorporated, Hartland, WI). Size 
and zeta potential of the particles prepared at N/P ratios of 2.5/1 and 
4/1 using  β -CD 1-8 star polymers were measured by 90Plus particle size 
analyzer with ZetaPALS capability (Brookhaven Instruments Corporation, 
Holtsville, NY). 

  Cell Culture : UM-SCC-17B head and neck squamous cell carcinoma 
and HeLa cervical cancer cells were generously provided by Dr. 
Jacques Nör (University of Michigan, School of Dentistry) and cultured 
following established protocols. [  43  ]  Briefl y, HeLa and UM-SCC-17B 
cells were maintained in DMEM (Life Technologies, Grand Island, NY) 
supplemented with 10% fetal bovine serum (Life Technologies, Grand 
Island, NY), penicillin (10 000 U mL  − 1 ), and streptomycin (10 000 
 μ g mL  − 1 ) while regularly changing the growth medium every 2 days. 
MCF-10A mammary epithelial cells were generously provided by Dr. Sofi a 
Merajver (University of Michigan, Department of Internal Medicine) and 
cultured in DMEM/F-12 (1:1) medium supplemented with 5% horse 
serum, EGF, cholera toxin, bovine insulin, and hydrocortisone. HeLa, 
UM-SCC-17B, and MCF-10A cells were incubated at 37  ° C, 5% CO 2 , 95% 
relative humidity, and passaged upon reaching 70–90% confl uency using 
0.25% trypsin/EDTA mixture. 

  Cellular Uptake of “Smart” Particles : Star-shaped polymers and 
commercial siPORT-NH 2  were dissolved in OPTI-MEM solution (Life 
Technologies, Grand Island, NY) before mixing with 1.14  μ g of FAM-
labeled anti-GAPDH siRNA (Ambion Inc, Austin, TX) at N/P ratios 
of 1.5/1, 2.5/1, and 4/1 to prepare different complexes, which were 
incubated 6 h at 37  ° C, 5% CO 2 , and 95% relative humidity with HeLa, 
UM-SCC-17B, or MCF-10A cells seeded at a seeding density of 4  ×  10 4  
cells per well. Cells were then washed with PBS, treated with 0.25% 
trypsin/EDTA solution for 10 min, harvested, and centrifuged to form 
a cell pellet and remove the supernatant medium with free particles. 
Cell pellets were suspended in PBS and analyzed using Biosciences 
FACSCalibur Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
to determine the percentage of fl uorescently-labeled cells for each 
treatment. Cells were gated by forward/size scatter and 10,000 gated 
events were collected per sample to discriminate between live and dead 
cells and account for live cells only. 

  In Vitro Evaluation of “Smart” Particles : HeLa, UM-SCC-17B, and 
MCF-10A cells were plated in 24-well plates at a seeding density of 2 
 ×  10 4  cells per well and allowed to adhere for 18 h. Different “smart” 
particles and siPORT-NH 2  complexes incorporating anti-GAPDH siRNA 
(Ambion Inc, Austin, TX) or the scrambled siRNA sequence condensed 
at a N/P ratio of 2.5/1 were incubated with the cells for 6 hours at a 
fi nal siRNA concentration of 100–200 nM before the addition of fresh 
culture medium (500  μ L) and incubating for a total of 48 h. The effect 
of different treatments on GAPDH expression was quantifi ed based on 
mRNA and protein levels. Briefl y, total RNA was isolated from the cells 
using the RNeasy Mini Kit (Qiagen Inc, Valencia, CA) and a total of 0.25 
 μ g RNA was reverse transcribed using Omniscript reverse transcriptase 
kit (Qiagen Inc, Valencia, CA) following manufacturer’s protocols. Real-
time PCR was performed in a fi nal volume of 20  μ L containing 2  μ L of 
cDNA (corresponding to 10 ng of total RNA for GAPDH and  β -actin 
amplifi cation), 1  μ L of each primer, and 10  μ L of the qPCR MasterMix 
in the 7500 Fast Real-Time PCR system (Life Technologies, Grand Island, 
NY). The amount of GAPDH protein expressed by cells was measured 
using the KDalert GAPDH assay (Ambion Inc, Austin, TX) following 
manufacturer’s specifi cations. The level of GAPDH protein expression 
in response to different treatments was normalized to that of untreated 
control cells.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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